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Abstract-The magnetic properties of cast and hot- 
rolled Pr17Fe77 5B M1 ( M=Cu, Ga, Ag, Al, In and Pb ) 
alloys were inv&stigated, in order to explore the rule 
of additive elements in improving the magnetic properti- 
es in the Pr-Fe-B system. It is found that Ga and Ag 
additions have a similiar effect as Cu in increasing 
the coercivity in both cast and hot-rolled specimens. 
The coercivity of these hot-rolled magnets containing 
Ga, Ag or Cu can easily reach lOkOe or greater. This 
is due to the grain refinement as well as the enhanced 
smoothing of grain boundaries. 
, 
INTRODUCTION 
It has been recently found that the production of 
Pr-Fe-B type magnets by hot-working[l], is competitive 
commercially with the conventional P/M [2 ]  and melt 
spining processes[ 31 for Nd-Fe-B magnets. The maximum 
energy product of the Pr-Fe-B magnets produced by 
either hot-pressing or hot-rolling can easily reach 
36MGOe and 30MGOe, respectively[l,4]. The addition of 
Cu, Ag, Au and Pd to the system was effective in im- 
proving the hot-workability and the magnetic properties 
[4]. The addition of Cu , especially, improves the 
coercive force and squareness of the demagnetization 
curve , while the other elements tend to enhance the 
remanent magnetization. These effects are considered to 
be due to the fact that the added elements lower the 
melting point of the Pr-rich phases where they are 
mainly dissolved. Grain refinement increased the coer- 
civity of hot-pressed Pr-Fe-B magnets, only in the 
alloys containing more than 5 at%B [l]. Hot-rolling is 
associated with much higher strain rates and is a more 
suitable process for mass production of the magnets. So 
far only Pr15-17FebalB5Cu1 5 alloys prepared by this 
process have been reported' [5,6,7]. It was reported 
that Pr-Fe-B ingots with a low B content(2-4 at%) 
showed high coercivity (5-7kOe) after suitable 
annealing[l]. The sintered Pr Fe B4 magnet has also 
high coercivity of 12 kOe[#. %%e purpose of the 
present study is to investigate the effects of hot- 
rolling and additive elements on Pr-Fe-B magnets 
with 4 at%B content. By referring to the binary phase 
diagrams of Pr-M systems[9] which have low eutectic 
temperatures with Pr, possible canditates of the addi- 
tive element (M) for alloys are chosen 
EXPERIMENTAL PROCEDURE 
The Pr17Fe77 5B4M1. ( M=Cu, Ga, Ag, Al, In and Pb 
isotropic ingot; and i%17Fe77,5B4Gaj .5 columnar ingots 
were prepared by vacuum induction me ting and iron mold 
solidification, respectively. The ingots were cut to a 
25mmx16mmxlOmm size and packed in a steel tube. The 
samples were then soaked at 1000-1O5O0C for different 
periods before hot-rolling. Hot-rolling was carried out 
in three passes, resulting in a 70 and 80% total 
reduction. The magnetic properties of rolled samples 
were measured by a Vibrating Sample Magnetometer(VSM) 
with an applied field of 15 kOe. The ingots 
homogenized at 1000°C for 4hr, followed by annealing at 
350-600°C for lhr were measured by a B/H loop tracer 
under an applied field of 20 kOe. The eutectic tempera- 
ture of each alloy was measured by a Differential 
Thermal Analyzer(DTA). The microstructures were inves- 
tigated by Scanning Electron Microscopy(SEM) and Opti- 
cal Microscopy(0M). Chemical analysis was performed 
with an Energy Dispersive X-ray Spectrometer(EDAX) at- 
tached to the SEM. 
RESULTS AND DISCUSSIONS 
1&17Fe7.5!4!1 ingots, 
Miczstructurd observations show that all of the 
ingots contain Pr Fe14B, Pr Fe Pr rich and 
Pr M phases. The alloys cont~in~&d<~~ba, Ag and In, 
exEiXit lamellar eutectic structure consisting of Pr- 
rich and Pr,M phases along the grain boundary and at 
triangular graln junctions. The typical microstructure 
is shown in Fig.l(a), which is taken from the alloy 
with Ga addition. The eutectic structure is less 
frequently seen in the A1 containing alloy ( 
Fig.l(b)) and nearly absent in the Pb containing 
alloy(Fig.l(c)). The detected PrxM phases for each al- 
loy are PrCu, Pr Ga, PrAg, Pr Al, %r31n( many isolated 
Pr21n phase is also coexisted? and Pr Pb. The additive 
elements were also detected in the Pzrich phase. A1 
is the only additive element which was found in the 
Pr2Fe14B phase(2.9 at%). It should be noted that the Pb 
containing alloy contained many isolated Pr Pb regions 
in the grain junctions. The eutectic peak %or the Pb 
containing alloy in the DTA curve is very small, which 
is consistent with the observation that the alloy con- 
tains a small volume fraction of the eutectic phase. 
Figure 2 shows the eutectic temperatures of the 
presently studied alloys compared with the melting 
point of each PrxM compound and the eutectic tempera- 
ture of Pr-M systeJs[9]. The detected eutectic tempera- 
ture of all the alloys with additive elements except A1 
show somewhat lower value than that of pure Pr-Pr,M 
eutectic phase. This is mainly resulted from thg 
FIG.1.The microstTuctures of the cast Pr 7Fe 
ingots (a) M=Ga(SW) (b) M=Al(SEM) (c) M=db (&. 5B4M1.5 
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boundaries plays an important role in hot-workability 
in Pr-Fe-B series magnets [l]. When the amount of liq- 
uid phase is decreased or the flow rate of liquid is 
lowered, the workability becomes poor. During the hot 
working process, new grain boundaries are created along 
the cracks of the original grain. If there are no suf- 
ficient liquid phase surrounding the newly developed 
grain boundaries, the specimen will crack as it cools 
to room temperature. Therefore it is necessary to dis- 
solve the PrxM intermetallic compound into the liquid 
phase before robing in order to get a large amount of 
the liquid phase at the grain boundaries. Holding the 
sample above the melting point of intermetallic com- 
pound seems to be necessary to obtain good hot- 
workability and high coercivity. The results for the 
alloy containing In element suggest this point. This 
also explains why there is no plasticity after rolling 
the Pb containing alloy below 1O5O0C. Since the strain 
rate of hot-rolling is 100-1000 times higher than that 
in the hot-pressing process, the deformation time in 
the hot-rolling is too short to squeeze out the liquid 
phase [7]. In this case, plenty of liquid phase still 
exists along the grain boundaries, enhancing grain 
boundary smoothing during the rolling and cooling 
processes. This effect is especially pronounced for 
those alloys with a lower eutectic temperature. In ad- 
dition, grain growth is prohibited by a thick layer of 
liquid phase along the grain boundaries. These reasons 
are thought to be responsible for the increase of the 
coercivity in hot-rolled isotropic 
magnets. 
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FIG.2.Eutectic temperatures of Pr17Fe77.5B4M1 alloys 
in comparing with those reported In bmary PrLh system 
and the melting point of PrxM compound.(The eutectic 
reaction in the alloy of In addition is Pr and Pr31n) 
coexistance of 5-10 at% Fe inside the eutectic phase. 
Figure 2 also demonstrates that lower eutectic tempera- 
ture the Cu, Ga 
and Ag containing alloys , while it is higher in the 
alloys containing Al, In and Pb. 
All of the ingots show almost no coercive force in 
the as-cast state. After homogenization, the coercive 
force appeared. Figure 3 shows the coercivity of the 
ingots after homogenization. The coercivity of the Cu, 
Ga and Ag containing alloys after homogenization is 
higher than that of the ternary alloy, while the coer- 
civity of Al, In, and Pb containing alloys is about the 
same as that of the ternary alloy. Figure 4 shows the 
variation of the coercivity in the alloys containing 
Cu, Ga and Ag after annealing at 350-600°C. The coer- 
civity has the maximum value after annealing at 45OoC. 
The maximum iHc vaule is 9.2 kOe for Cu , 7.8 kOe for 
Ga and 6.6 kOe for Ag containing alloys, respectively. 
All higher than the 5.5 kOe observed in the ternary 
alloy. It is presumed that the increment of iHc value 
resulted from the lower eutectic reaction temperature 
which enhances the smoothing of grain boundaries. 
when compared to the ternary alloy in 
2.Hot-rolled Pr17Fe7{ B& isotro ic ma nets 
After soakinn at 080 C, the alo:s containing Cu, 
Ga, Ag and A1 ill exhibit excellent hot-workabiliiy of 
70 and 80% reduction in thickness , while the alloys 
with In and Pb crack during rolling. By increasing 
the soaking temperature to 1O5O0C, the hot-workability 
appeared in the In containing alloy, but was still not 
observed in the Pb containing alloy. 
Figure 5 shows the coercivity of the alloys after 
hot-rolling to 70 X and 80 % reduction in thickness. 
All specimens exhibit higher iHc value than that of 
homogenized ingots. The coercivity increases with in- 
creasing reduction of thickness. Figure 6 shows the 
optical microstructure of the alloy with Ag after (a) 
annealing and (b) hot-rolling to 80 % reduction in 
thickness.The grain size is refined by the hot-rolling 
process, increasingly with increasing reduction ratio. 
This grain refining phenomenon was not obvious in hot- 
pressed Pr17Fe79B4 magnets[ 11. 
In consistence with the observed phenomenon in in- 
gots, the iHc values of hot-rolled alloys containing 
Cu, Ga and Ag is higher than that of the ternary alloy, 
but the iHc of the alloys with A 1  and In is lower. Com- 
parison with the coercivity of hot-pressed Pr Fe B 
magnets (7.4kOe) [l], the value of all '<oz?ei 
specimens in this study is higher(>9kOe). Cu is 
reported to be the only element effective in improving 
the coercivity in hot-pressed Pr-Fe-B magnets [l], In 
this study, Ga or Ag addition showed the same effect. 
The presence of a liquid phase along the grain 
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FIG.4.The variation of coercivity of annealed isotropic 
Pr17Fe77.5B4M1.5 (M=Cu, Ga and Ag) ingots. 
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FIG.5.The coercivity of the hot-rolled Pr17Fe77.5BqM1.5 
ingots with 70 X and 80 X reduction in thickness. 
3.Hot-rolled Pr17Fe77.bB4Gaam5 columnar ingot. 
a an Ag elements to the system 
is shown to be beneficial in increasing the iHc of 
either cast or hot-rolled isotropic Pr17Fe77 5B4M1 
magnets. The Pr17Fe77.5B4Ga columnar ingot was 
chosen for hot rolling to 8Ck'reduction in thickness 
at 1000°C. Figure 7 shows the magnetic properties of 
hot-rolled ingots with the columnar structure, com- 
pared with that of the homogenized ingot. The magnetic 
properties measured along all three directions are 
shown. The maximum properties of the ingot(Br=5.9kG, 
iHc=6.6kOe, (BH) ..=6MGOe) are increased (Br=lO.ZkG, 
iHc=10.75kOe, (Sa =18MGOe) in the rolled specimen. 
The increasing in"afHc also occurs in the columnar 
sample. The p o o r  squareness of the demagnetization 
curve is due to the existance of a large amount of 
Pr2Fe17 phase in this 4 at%B alloy and the nonuniform 
grain size distribution produced by hot-rolling. 
The addition of Cu, 
CONCLUSIONS 
1. The addition of Ga and Ag to Pr17Fe77 5B4M1.5 al- 
loys increases the coercivity in cast and hot-rolled 
samples, as does Cu . The A1 and In additions do not 
have these positive effects, while the Pb addition 
deteriorates the magnectic properties and workability. 
2. The increment in coercivity of Pr17Fe77.5B4M1.5 
alloys by hot-rolling is due to grain refinement, 
which does not occur in the hot-pressed process. 
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FIG.7.The demagnetization curves f o r  a hot-rolled Pri7 
Fe77.5B4GalS5 columnar ingot with 80 % reduction in 
thickness compared with those of the homogenized in- 
got.(RD: rolling direction ) 
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